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Development  of  a  Small  Molecule  P2X7R  Antagonist  as  a  Treatment  for  Acute  Spinal  Cord  Injury 
Steve  Goldman  MD,  PhD 

Introduction 

In  year  3  of  this  project,  we  continued  to  focus  on  the  transcriptional  events  associated  with  spinal 
cord  injury  (SCI)  in  isolated  spinal  astrocytes  and  microglia,  concentrating  on  P2X7R  activity-dependent 
transcription.  In  year  1,  we  established  the  injury-associated  expression  profiles  of  sorted  adult  spinal 
microglia,  which  we  have  assessed  this  past  year  with  the  goal  of  defining  optimal  molecular  targets  for 
microglial  modulation.  This  analysis  validated  the  innate  immune  system  as  a  critical  initiator  of  spinal 
inflammatory  injury,  and  suggested  a  number  of  new  targets  for  therapeutic  intervention  in  SCI. 

In  year  2  we  further  developed  and  validated  a  set  of  new  FACS  protocols  by  which  we  have 
isolated  distinct  populations  of  spinal  astrocytes  and  glial  progenitor  cells,  from  both  normal  and  injured 
spinal  cords.  Using  these  protocols,  which  are  based  on  Glutl  and  GFAP-dependent  astrocytic  sorting, 
and  both  A2B5  and  CD140a-dependent  isolation  of  spinal  glial  progenitors,  we  prepared  RNAs  from 
contused  spinal  cords  as  well  as  from  matched  uninjured  controls,  for  microarray  analyses. 

In  year  3,  we  analyzed  the  resultant  phenotype-specific  gene  expression  data,  as  dual  functions 
of  both  injury  and  time  after  injury,  and  identified  a  discrete  set  of  astrocytic  and  microglial  genes 
dysregulated  by  SCI,  as  well  as  a  set  of  specific  ligand-receptor  pairs  potentially  involved  in  the  response 
of  glial  cells  to  microglial  activation  following  injury. 

With  the  acquisition  of  these  data  -which  necessitated  the  first-ever  FACS  isolation  of  defined 
glial  phenotypes  from  the  injured  adult  central  nervous  system  -  we  successfully  completed  our  planned 
identification  of  paracrine  interactions  between  spinal  astroglia  and  microglia  in  response  to  SCI,  and  of 
the  role  of  P2X7  receptor  activation  in  that  process.  Indeed,  in  parallel  work  using  uninjured  human  brain 
tissue-derived  cells,  intended  to  validate  the  targets  identified  in  our  mouse  injury  screen  as  of  human 
relevance,  we  have  already  identified  a  potentially  important  paracrine  loop  between  vascular  cells  and 
glial  progenitor  cells,  which  may  regulate  reactive  gliosis  and  glial  scar  formation,  as  well  as 
remyelination  after  injury.  Specifically,  we  found  that  the  endothelial  and  astroglial  cytokine  pleiotrophin, 
which  acts  as  a  negative  regulator  of  the  receptor  tyrosine  phosphatase-p/^  (PTPRZ1)  of  glial  progenitor 
cells,  relieves  the  tonic  suppression  of  progenitor  cell  expansion  otherwise  provided  by  PTPRZ1 ,  and  can 
thereby  mobilize  endogenous  glial  progenitor  cell  pools.  Pleiotrophin  has  been  reported  to  be 
upregulated  in  the  setting  of  injury,  and  may  thus  contribute  to  both  reactive  gliosis  and  compensatory 
remyelination;  we  continue  to  assess  under  what  conditions  these  two  very  distinct  glial  fates  are 
instructed,  and  how  that  process  may  be  manipulated  for  therapeutic  purposes. 

Thus,  on  the  basis  of  the  injury-associated,  phenotype  specific  gene  expression  data  obtained  in 
this  study,  we  have  already  identified  promising  targets  for  therapeutic  intervention,  over  and  above  the 
P2X7R-dependent  transcripts  with  which  we  are  primarily  focused. 
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Progress  summary 

1.  We  established  both  single-  and  multi-color  sorting  protocols  by  which  microglia,  astrocytes, 
and  endothelial  cells  could  be  concurrently  sorted  to  purity  from  the  adult  murine  spinal  cord 
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Microarray  Analysis  (Affymetrix  U430  2.0) 

Figure  1  Spinal  cords  were  dissected  from  8-week  old  adult  female  mice  (C57BL6).  Control  mice: 
~1  cm  of  LSC  tissue,  with  center  at  ~T10;  SCI  mice:  ~1  cm  of  LSC  tissue,  with  center  at  site  of  injury 
(at  ~T10).  The  animals  were  sacrificed  at  24  hrs,  and  spinal  cord  tissue  was  dissociated  with  papain. 
A  Percoll  gradient  was  performed  to  remove  myelin,  debris  and  blood  cells.  The  cells  were  then 
immunostained  live  for  GLT1  and  CD1 1b,  and  flow  cytometry  with  FACS  was  performed. _ 


2 


S.  Goldman  MD,  PhD 


0 


CDIIb- 


S  C c  o  ntro  I- 1  b u  n  sta i n  e  d D  AF I 


Astrocyte 


Negativi 


-p — i — — i  i  i  i  1 1 1 1 1 - 1 — i  i  1 1 1 1 1 1 - 1 — i  i  1 1 1 1 1 1 - r 

-ID2  D  ID2  1Da  ID*  10s 


PE- A 


S  C c  o  ntro  I- 1  b u  n  sta  i  n  e  d D  AF  I 


< 
6 


/Astrocyte 


Negative 


“i — i  i  i  1 1  hi - 1 — i  i  i  him - 1 — i  i  1 1  ini - r 

-ID"  D  ID"  ID3  ID*  10s 

PE- A 


S  C c  o  ntro  l Swk fo  r s  o  rt-  7 d  b  l D  AP  I 


T 


.strocyte 


■N  e  g  ative 


T 1  I  I  I  I  I  1 1 - 1 — I  I  I  I  II  l| - 1 — I  I  I  I  1 1 1 1 - T 

D  ID"  ID3  ID*  1DS 

PE- A 


S  C  l S  wk-  7 d  b  l D  AP  I 


Astrocyte 


Negative 


n — i  i  i  1 1 1  ii - 1 — i  i  i  iiiii - 1 — i  i  i  iiiii - r 

,  -ID"  D  ID"  ID3  1DA  1DS 

PE- A 


Uninjured  SC 
Control 


Injured  SC 
Test  sample 


Unstained  control  Two-color  immunostained  sample 


Figure  2  Isolation  and  purification  of  adult  murine  spinal  astrocytes  and  microglial  cells  by  two-color 
fluorescence  activated  cell  sorting  Flow  cytometric  assessment  and  high-yield  enrichment  of  spinal  cord 
astrocytes  (Glt1+)  and  microglia  (CD11b+)  from  both  injured  and  control  mouse  spinal  cords,  24  hrs  post- 
injury  (vs  uninjured  control). _ 


Figure  3  Prevalence  of  spinal  astroglia  and 
microglia  as  a  function  of  SCI 

Injured  thoracic  segments  were  collected  so 
as  to  include  2  segments  above  and  below  weight 
drop  impact  site;  samples  taken  at  24  hrs  post¬ 
injury.  Astrocytes  identified  and  sorted  based  upon 
GLT1  expression;  microglia  defined  by  CDIIb 
immunoreactivity.  N>4  flow  cytometry  runs  each. 


Uninjured  %  GLT1-/CD1 1b-  %GLT1+  %CD11b+ 

control  42.23  7.15  9.43 

SE  control _ 3.02 _ 0.83 _ 1.59 

Injured  %  GLT1-/CD1 1b-  %GLT1+  %CD11b+ 

SCI  39.75  8.08  19.13 

SESCI  2.76  1.58  0.64 
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2.  We  profiled  the  expressed  mRNAs  of  murine  spinal  astroglia  from  both  spinal  cord-injured  and 
uninjured  control  mice,  as  a  function  of  time  after  injury 
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Figure  4  Injured  and  control  spinal  cord-derived  astrocyte  and  microglial  mRNA  samples 
analyzed  RNA  was  isolated  from  all  samples  and  the  RNA  quality  of  each  sample  was 
confirmed  (most  RIN  values  >  8.5).  N  =  4  sets  each  of  uninjured  and  injured  spinal  cords; 
mRNA  samples  were  profiled  on  Affymetrix  U430  2.0  mouse  arrays. _ 
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3.  We  established  the  injury-associated  differentially-expressed  mRNA  profiles  of  both  microglia 
and  astroglia  in  the  mouse  spinal  cord 

We  concurrently  sorted  both  Gltl-defined  astroglia  and  CD1  lb-defined  microglia  from  injured 
spinal  cords,  after  developing  and  validating  the  techniques  for  this  difficult  undertaking.  The  resultant 
expression  profiling  of  these  sorts  has  provided  us  an  extraordinarily  rich  database,  from  which  we  have 
identified  those  transcripts  of  each  phenotype  most  dysregulated  in  response  to  injury  (Figures  5-6). 
From  these  data,  we  have  defined  the  dominant  signaling  pathways,  both  intracellular  and  paracrine, 
affected  by  acute  SCI.  Using  the  Drug  Pair  Seeker  algorithm,  we  then  used  these  data  to  predict  those 
pathway-targeted  agents  that  might  be  used  to  reverse  the  injury-associated  expression  signature,  and 
by  that  means  to  rescue  the  threatened  spinal  cord. 


Color  Key 


Marker  gene  expression  on  all  SCI  study  arrays 
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Figure  5  Phenotype-selective  gene  expression  by  mouse  microglia  and  astrocytes  Gene 
expression  by  sorted  murine  spinal  cord  microglia  (CDIIb)  and  astrocytes  (GLT1),  comparing  uninjured 
and  post-SCI  samples  of  each  (n=4/group).  The  intragroup  consistency  of  marker  expression  validated 
our  sort  criteria  and  selection  modalities,  and  permitted  the  identification  of  cell  type-specific  changes  in 
gene  expression  as  a  function  of  SCI. 
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Figure  6  Differentially  up-regulated  genes  in  both  astrocytes  and  microglia  following  injury  fall 
into  a  set  of  discrete  functional  categories,  with  both  phenotype-specific  and  nonspecific  expression. 


4.  We  established  the  expression  profiles  of  normal  adult  human  microglia,  as  a  cross-species 
baseline  comparator. 

In  previous  studies,  we  found  that  the  specific  genes  expressed  by  homologous  human  and 
mouse  brain  cells  can  differ  substantially,  even  within  otherwise  conserved  pathways,  and  with  otherwise 
conserved  interactants.  As  a  result,  any  observations  that  we  make  in  mouse  spinal  glia  in  terms  of 
specific  injury-associated  transcriptional  targets  need  to  be  validated  in  human  cells.  To  that  end,  we 
profiled  both  astrocytes  and  microglia  derived  from  adult  human  brain,  and  analyzed  the  resultant  profiles 
to  capture  both  commonalities  and  salient  differences  between  mouse  and  human  microglial  gene  sets  at 
baseline. 

5.  We  assessed  the  molecular  basis  for  injury-induced  glial  progenitor  cell  mobilization,  and 
found  that  pleiotrophin-mediated  inhibition  of  PTPRZ1  can  permit  the  sustained  expansion  of 
human  oligodendrocyte  progenitor  cells 

Our  gene  expression  data  have  highlighted  the  importance  of  the  receptor  tyrosine  phosphatase 
P  1C,  on  the  homeostatic  turnover  and  differentiated  fate  of  human  glial  progenitor  cells.  We  first  became 
interested  in  this  receptor  since  our  expression  analyses  identified  its  major  known  ligand,  pleiotrophin, 
as  highly  expressed  by  GPCs,  providing  a  possible  autocrine  loop  for  the  self-maintenance  of  glial 
progenitors,  the  perturbation  of  which  might  dictate  progenitor  recruitment  as  either  reactive  glia  or 
myelinogenic  oligodendrocytes  in  the  injured  CNS.  In  addition,  we  noted  the  expression  of  pleiotrophin 
by  our  arrayed  murine  spinal  microglia,  while  others  have  reported  its  expression  by  activated  endothelial 
cells;  these  observations  suggest  the  possibility  that  injury-associated  microglial  activation  might  trigger 
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pleiotrophin  production,  and  hence  mobilize  glial  progenitor  cells  from  a  quiescent  state  to  mitotic 
expansion  and  subsequent  astrocytic  and  oligodendrocytic  differentiation.  We  investigated  this  possibility, 
first  by  better  defining  the  signaling  pathways  by  which  pleiotrophin-induced  suppression  of  PTPRZ1 
triggers  mitotic  expansion  of  the  glial  progenitor  pool.  We  found  that  PTPRZ1  constitutively  promotes  the 
tyrosine  dephosphorylation  of  (3-catenin  and  thus  nuclear  translocation  and  (3-catenin  participation  in  T 
cell  factor  (TCF)-mediated  transcription. 

Using  CD140a/PDGFRa-based  fluorescence-activated  cell  sorting  to  isolate  GPCs  from  the 
human  fetal  brain  at  gestational  ages  16-22  weeks,  we  then  asked  if  pleiotrophin  modulated  the 
expansion  of  GPCs  and,  if  so,  whether  this  was  affected  through  the  serial  engagement  of  PTPRZ1  and 
P-catenin-dependent  signals,  including  TCF-mediated  transcription.  We  found  that  lentiviral  shRNAi 
knockdown  of  PTPRZ1  induced  TCF-mediated  transcription,  and  in  addition,  substantially  augmented 
GSK3P  inhibition-induced  TCF-reporter  luciferase  expression.  These  results  suggested  dual  regulation  of 
P-catenin,  and  the  importance  of  PTPRZ1  as  a  tonic  brake  upon  TCF-dependent  transcription. 
Pharmacological  inhibition  of  GSK3p  triggered  substrate  detachment  and  initiated  sphere  formation,  yet 
had  no  effect  on  either  proliferation  or  net  cell  number.  In  contrast,  pleiotrophin  strongly  potentiated  the 
proliferation  of  CD140a-sorted  OPCs,  as  did  PTPRZ1  knockdown,  which  significantly  increased  the  total 
number  of  population  doublings  exhibited  by  OPCs  before  mitotic  senescence.  These  observations 
indicated  that  pleiotrophin  inhibition  of  PTPRZ1  mediates  the  homeostatic  self-renewal  of  OPCs,  via  the 
(Wnt-independent)  activation  of  p-catenin/TCF-dependent  transcription. 

Key  Research  Accomplishments 

1 .  We  established  multicolor  sorting  protocols  by  which  microglia,  astrocytes,  and  endothelial  cells  may 
be  sorted  to  purity  from  the  adult  murine  CNS,  and  established  the  numbers  and  relative  proportions  of 
these  cells  in  both  the  normal  and  injured  adult  spinal  cord. 

2.  Using  CDIIb  and  Gltl -targeted  fluorescence  activated  cell  sorting  (FACS),  we  profiled  the  expressed 
mRNAs  of  murine  spinal  microglia  and  astrocytes,  respectively,  from  both  spinal  cord-injured  and 
uninjured  mice.  By  mRNA  expression  profiling  and  bioinformatic  analysis  of  these  samples,  we  defined 
the  phenotype-specific  transcriptional  responses  of  mouse  spinal  microglia  and  astroglia  to  SCI,  each  as 
a  function  of  time  after  injury. 

3.  On  the  basis  of  our  initial  assessments  of  differential  gene  expression  by  glial  progenitor  cells,  we 
assessed  the  function  of  the  highly  differentially  expressed  receptor  tyrosine  phosphatase  PTPRZ1 .  We 
found  that  the  inhibition  of  PTPRZ1  by  its  inhibitory  ligand  pleiotrophin  triggers  the  sustained  expansion 
of  human  oligodendrocyte  progenitor  cells.  We  concurrently  established  that  the  BMP  inhibitor  noggin 
could  suppress  astrocyte  lineage  commitment,  and  hence  astrocytosis  from  human  GPCs.  These 
observations  provide  us  a  strategy  and  reagents  by  which  to  modulate  reactive  gliosis  as  well  as 
remyelination  in  the  injured  spinal  cord. 

4.  Using  our  database  of  SCI-associated  differentially  expressed  astroglial  and  microglial  genes,  we 
defined  the  dominant  signaling  pathways,  both  intracellular  and  paracrine,  affected  by  acute  SCI.  In 
addition,  in  both  cell  types  we  identified  those  pathways  downstream  of  P2X7R  that  are  differentially 
modulated  by  SCI.  Using  a  bioinformatic  strategy  by  which  we  paired  Connectivity  mapping  to  Drug  Pair 
Seeker,  we  used  these  data  to  predict  pathway-targeted  agents  that  might  be  used  to  reverse  the  injury- 
associated  expression  signature.  That  analysis  yielded  a  number  of  drug  pair  candidates  that  our 
algorithms  predict  capable  of  reversing  significant  features  of  the  SCI-associated  expression  profile;  as 
such,  our  data  would  suggest  that  these  drug  candidates  and  combinations  thereof  should  provide 
substantial  benefit  to  the  threatened  spinal  cord. 

5.  To  verify  the  effects  of  P2X7R  antagonism  on  gene  expression  by  human  astrocytes  as  well  as  on 
their  mouse  counterparts,  we  established  methods  for  generating  these  cells  from  human  induced 
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pluripotential  cells,  an  advance  that  should  greatly  facilitate  the  modeling  of  human  glial-specific  effects 

of  P2X7R-targeted  treatment. 
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Conclusions/Future  Plans 

In  this  3-year  project,  we  succeeded  in  defining  the  patterns  of  injury-associated  differential  gene 
expression  by  spinal  microglia  and  astroglia.  We  used  these  data  to  reconstruct  the  paracrine  networks 
dysregulated  by  injury,  and  have,  as  intended,  defined  a  set  of  molecular  targets  whose  modulation  may 
permit  the  attenuation  of  the  spinal  inflammatory  response.  Using  this  data  set,  we  have  predicted  a 
number  of  molecular  targets,  both  microglial  and  astrocytic,  for  potential  therapeutic  intervention,  and 
have  used  bioinformatic  predictive  algorithms  to  identify  drug  combinations  that  may  prove  competent  to 
reverse  enough  injury-associated  gene  expression  to  have  therapeutic  value.  Furthermore,  our 
bioinformatics  analysis  of  these  primary  data  sets  has  allowed  us  to  identify  injury-associated  pathways 
potentially  modulated  by  P2X7R.  These  data  should  provide  a  strong  referential  base  against  which  to 
assess  the  effects  of  P2X7R  antagonism  on  both  astrocytes  and  microglia,  and  by  extension  on  their 
neuronal  neighbors.  By  this  means,  we  hope  to  define  the  contribution  of  those  pathways  downstream  of 
P2XR7  to  SCI-associated  neuropathology,  and  the  potential  for  bioinformatically-predicted 
pharmacotherapy  to  act  in  concert  with  P2X7R-targeted  therapeutics  in  relieving  SCI.  Together,  these 
studies  have  succeeded  in  providing  us  a  strong  molecular  base  for  IND-enabling  studies  of  P2X7R 
inhibitors  for  the  treatment  of  acute  SCI,  while  identifying  an  additional  set  of  novel  targets  and  discrete 
agents  by  which  to  potentially  treat  acute  SCI. 

Note 

This  project  has  generated  a  large  corpus  of  genomic  data  that  should  be  of  great  interest  to 
investigators  in  SCI  research,  but  which  are  too  detailed  for  this  summary  progress  report.  All  genomic 
data,  whether  in  raw,  processed  or  summary  form,  can  be  made  available  to  DOD  staff  at  any  time  upon 
request.  Upon  acceptance  for  publication,  we  will  make  all  of  these  data  publically  available  via  GEO  (the 
NCBI  Gene  Expression  Omnibus),  as  well  as  by  the  genomics  atlas  of  our  laboratory  website 
(www.urmc.rochester.edu/labs/goldman-lab/genomics).  We  would  expect  this  to  occur  no  later  than  the 
fall  of  2014. 
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